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Background: The folding of the bacterial protease subtil-
isin BPN' (SBT) is dependent on its 77-residue prosegment,
which is then autocatalytically removed to give the mature
enzyme. Mature subtilisin represents a class of proteins that
lacks an efficient folding pathway. Refolding of mature SBT
is extremely slow unless catalyzed by the independently
expressed prosegment, leading to a bimolecular complex.
Results: We report the crystal structure at 2.0 A resolution
of the prosegment-SBT complex and consider its implica-
tions for prosubtilisin BPN' maturation and folding cataly-
sis. The prosegment forms a compact domain that binds
SBT through an extensive interface involving the enzyme's
two parallel surface helices (residues 104-116 and
133-144), supplying negatively charged caps to the N ter-
mini of these helices. The prosegment C terminus binds in
the enzyme active site in a product-like manner, with
Tyr77 in the P1 binding pocket.
Conclusions: The structure of the complex supports a
unimolecular mechanism for prosubtilisin cleavage, involv-
ing a 25 A rearrangement of the SBT N terminus in a late
folding step. A mechanism of folding catalysis in which the
two helices and their connecting 3 strand form a proseg-
ment-stabilized folding nucleus is proposed. While this
putative nucleus is stabilized by prosegment binding, the
N-terminal and C-terminal subdomains of SBT could fold
by propagation.
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Introduction
Understanding how proteins fold into their native struc-
tures, and thereby acquire their catalytic and other func-
tional properties, is both a pre-eminent scientific
challenge and a vexing problem for biotechnologists, who
often experience problems in getting recombinant pro-
teins to fold efficiently. Anfinsen [1] postulated that the
native state of a protein corresponds to the global energy
minimum of its conformation space, but this does not
logically require the existence of a folding pathway. While
facile refolding has been shown for a number of small,
monomeric proteins, other results indicate that some pro-
teins have not evolved to fold efficiently on their own [2].
Proteins with the apparent function of assisting in the
folding of other proteins (chaperonins) have been identi-
fied [3], and there appears to be a class of proteins that
lacks independent folding pathways to the native state.
The 275-residue serine protease subtilisin BPN' (SBT) is
secreted by the soil bacterium Bacillus amyloliquefaciens for
the apparent biological function of digesting environ-
mental proteins for bacterial absorption. SBT is highly
stable (with a melting temperature near 78C in the pres-
ence of 10 mM calcium [4]), as might be expected given
that it functions in the extracellular environment, but it is
extremely poor at refolding. The inability of the mature
enzyme to refold is thought to be the price paid for its
resistance to transient unfolding and consequent protease
sensitivity [5,6].
SBT is one of several well-studied proteins that are ini-
tially produced with an N-terminal prosegment [7,8] that
is involved in folding [9]. The 77-residue subtilisin pro-
segment is autocatalytically removed to produce the
mature protease [10-12]. Thus, the in vivo folding unit is
the 352-residue prosubtilisin BPN' (proSBT), and the
mature enzyme lacks an efficient folding pathway. The
mature enzyme's refolding barrier has been linked with
the formation of a high-affinity calcium site, called the A
site [5]. (A second cation site, the B site, is much weaker
and less specific.) Removal of the A site by deletion of
residues 75-83 produces minor structural changes [13]
while retaining the capacity for full enzymatic activity
[14]. This 'calcium-independent' variant of SBT is much
better at refolding than wild-type SBT (both with and
without prosegment assistance) and has been used to
quantitate the acceleration of folding or 'foldase' activity
of the separately expressed prosegment [15].
Denatured wild-type SBT, when returned to native con-
ditions, refolds with a half-time of weeks to months [5].
The non-native metastable state appears heterogeneous,
with spectral and size properties intermediate between
the unfolded and native states [6,15]. Refolding is cat-
alyzed by addition of the separately expressed proseg-
ment, and leads to an enzyme-prosegment complex with
an association constant of 2x 108 M - at 250C [15]. The
prosegment's capacity to promote the refolding of SBT
is analogous to the situation of another extracellular
enzyme, a-lytic protease. This evolutionarily unrelated
protease, secreted by Lysobacter enzymogenes, also becomes
trapped in a non-native state after transient exposure to
denaturing conditions, but refolds again on addition of its
166-residue prosegment. Although the crystal structure
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of ot-lytic protease is known [16] and its catalyzed folding
reaction has been characterized [17], the structure of its
prosegment is unknown. Previous studies on SBT folding
and stability [4,18,19], together with more recent charac-
terization of the SBT-catalyzed folding reaction [6,15],
have provided the background for the present structural
investigation. With the goal of improved understanding
of the mechanisms by which one protein promotes the
folding of another, we report the crystal structure of the
prosegment-SBT complex.
Results and discussion
The crystal structure comprises wild-type prosegment
and a 266-residue mutant SBT (for a description of
mutations, see the Materials and methods section). In the
crystal structure, both polypeptides have disordered N
termini; two residues of SBT and six of the prosegment
are absent from the model for this reason. The overall
structure of SBT in the complex superimposes closely
with crystal structures of SBT alone. For example,
it exhibits a root mean square (rms) deviation of
0.46 A when Ca positions are compared with those of a
similar mutant SBT (crystallized alone and refined to an
R-value of 0.17). Thus, the crystal structure confirms
spectroscopic indications [15] that the stable pro-
segment-SBT complex involves completely folded SBT.
Prosegment structure
The prosegment folds into a single compact domain with
a four-stranded antiparallel 13 sheet and two three-turn
ca helices (Figs 1,2). The central strands of the sheet show
standard antiparallel geometry, linking the following pairs
of residues by hydrogen bonds: 8-51, 10-49, 12-47 and
14-45. Each edge strand has a 13 bulge [20] as residues
Gln38 and Ala66 interrupt their 3 strands to assume an at
conformation. The two helices (23-32 and 53-61) both
have uncharged N-terminal caps (Ser22 and Asn52). The
prosegment folds around a core involving side chains
Va112, Phel4, Ile30, Leu51, Leu59 and Val65. The pro-
segment contains two methionines, Metl8 and Met21;
these residues do not participate in the core and are in
fact exposed to solvent, belonging to a surface loop
involving residues 16-21 (Fig. 1). This loop has the high-
est temperature factors in the complex (residue-averaged
temperature factor of 41 A2 for Metl8).
The folding topology of the prosegment domain belongs
to the xa+,3 plait class [21] and has been previously
observed for several proteins including ferredoxin [22],
Fig. 1. Stereo line plot of the proseg-
ment. The bold line traces the Ca back-
bone while thin lines show the locations
of all atoms. The interface with SBT is
nn the Ift in thi viewP
Fig. 2. Ribbon diagram of the proseg-
ment-SBT complex. The prosegment
domain is colored green. SBT is shown
with its N-terminal region in blue, its
C-terminal region in red, and the pro-
posed folding nucleus (residues
103-144) in purple. The C terminus of
the prosegment is in the SBT active site.
(Drawn with MOLSCRIPT [38].)
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Fig. 3. The molecular interface excluding the active site, with a
portion of the final 2F0-Fc electron-density map contoured at 2a.
The SBT helices are on the left in pink; the propeptide is on the
right and above in yellow. Dotted lines indicate the three hydro-
gen bonds from the prosegment main chain to Glu112 of SBT.
the activation domains of the porcine procarboxypepti-
dases A and B [23] and the sex-lethal protein from
Drosophila [24]. It is interesting to note that several pro-
teins with this fold bind RNA [24]. The procarboxypep-
tidase case is noteworthy for the structural similarity
among protease prosegment domains, but there is no evi-
dence for foldase activity associated with the procar-
boxypeptidase prosegment, which binds its enzyme
across the active site and shows inhibitory activity [23].
Prosegment-SBT interface
The 3 sheet of the prosegment domain packs against the
two parallel surface helices of SBT (residues 104-116 and
133-144; Figs 2,3). The interface displays shape comple-
mentarity and buries several hydrophobic side chains,
especially Phe41' (the prime symbol after a residue num-
ber indicates that it belongs to the prosegment) (Fig. 3,
Table 1). The carboxylate groups of residues Glu69' and
Asp71' form helix caps for the N termini of the two SBT
helices (Fig. 4). The backbone amide groups of residues
42', 43' and 44' donate hydrogen bonds to the carboxy-
late group of Glu112 from SBT (Fig. 3). The C terminus
of the prosegment extends out from the compact domain
to bind in a substrate-like manner along the active-site
cleft of SBT, with Tyr77' in the S1 subsite pocket (Figs
2,5). This interaction (involving prosegment residues
74-77) is structurally reminiscent of SBT-inhibitor
complexes [25] and readily explains the capacity of the
prosegment to inhibit SBT [26].
The interface buries 1100+100 A2 of surface area of each
molecule (using a probe radius of 1.7 A) [27]. If the
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Table 1. Key features of the prosegment-SBT interface.
SBT
residue atom
His64
Asn1 55
100
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Ser132
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105
Ser 05
Ser105
Gln103
Gln103
Glu112
Glu112
Glu112
Glu156
218
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Ser 05
Ile108
lle115
Ala134
Ala138
Hydrogen bonds are under 3.3 A. Residue types are given only
when the side chain is involved. Bridging waters have at least one
hydrogen bond to each protein; only the shortest to each is listed.
*C-terminal carboxylate group.
interface is divided into the substrate-binding region
(with prosegment residues 71-77) and the remainder,
each contributes about half to the total buried area. The
interface contains 22 hydrogen bonds (under 3.3 A) and
six bridging water molecules (Table 1). The conforma-
tions of seven SBT side chains appear to change on
prosegment binding: His64, Gln103, Glu112, Serl30,
Ser132, Lysl41 and Ser145. The active-site residue,
His64, changes rotamers so as to form a hydrogen bond
with the prosegment C terminus (Fig. 5). Gln103 adjusts
its conformation to form a hydrogen bond with Lys9'.
Glu112 and Lys141 form a salt bridge in free SBT, but in
the complex Glu112 caps the tight turn in the pro-
segment involving residues 42', 43' and 44', while Lysl41
has no protein interactions. The side chain of Ser130 is
displaced by His72', while Ser132 changes rotamers to
form a hydrogen bond to the helix-capping Glu69'.
Finally, Ser145 changes rotamers for no obvious reason.
Prosubtilisin maturation
'Maturation' refers to the series of molecular events from
proSBT folding to the production of active enzyme. The
central event of maturation is the cleavage of proSBT
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Fig. 4. Stereo plot of the intermolecular
helix-capping interactions. Dotted lines
indicate hydrogen bonds under 3.3 A. A
bridging water (circle) is sequestered in
the interface. These helix-capping inter-
actions can also be seen at the top of
Figure 3. Colors are as follows: green,
prosegment (residues 69'-71'); magenta
and red, N-terminal parts of the two
capped SBT helices.
Fig. 5. Binding of the propeptide C terminus in the SBT active
site. The colors are as follows: green, propeptide C-terminal
strand; blue, remainder of propeptide; yellow, helix-capping
residues; violet, SBT residues 100-140; red, active-site residues
Ala221 and His64; and purple, remainder of SBT. Dotted lines
indicate intermolecular hydrogen bonds involving the six C-ter-
minal residues of the propeptide.
between Tyr77' of the prosegment and Alal of SBT. The
conversion of proSBT to SBT has been shown to require
no other proteins [10], leaving only the question of
whether the proteolysis is unimolecular or bimolecular.
According to the bimolecular hypothesis, a molecule of
mature, active SBT would bind to and cleave a molecule
of proSBT; the present crystal structure would then be
interpreted as a product-inhibited complex. This inter-
pretation cannot be ruled out, but the observed structure
of the molecular interface, along with the inherent pref-
erence for the simpler of competing models, supports the
unimolecular hypothesis.
If we assume that proSBT folds unimolecularly to pro-
duce the observed interface as an interdomain contact,
then it follows that cleavage is unimolecular, because
otherwise the interface would have to dissociate in order
to make Tyr77' available to a second active site. The ener-
getic cost of dissociating the observed interface would be
large. Furthermore, the autoproteolytic intermediate
required by the unimolecular mechanism can be modeled
by a simple modification of the crystal structure. Accord-
ing to the unimolecular mechanism, the SBT N termi-
nus, produced by self-cleavage of proSBT, moves from
the active site to its native position, a distance of about
25 A, in a late folding event. This rearrangement has
been modeled and requires minor torsional adjustments
of residues 1-10. Placing the SBT N terminus in its own
active site requires the first short helix of SBT to change
from an a to a conformation, with residue Pro5
remaining in an oa conformation. A model of proSBT,
derived from the crystal structure by this rearrangement
of the SBT N terminus (and with the calcium A site
added back to the structure), is illustrated in Figure 6.
A variant of SBT lacking the calcium A site was used in
the present crystallographic study because this site is asso-
ciated with an energy barrier that makes in vitro refolding
problematic, even in the presence of the prosegment. The
calcium-site deletion produces an enzyme that retains full
activity [14] and that can be quantitatively refolded in a
prosegment-dependent manner [15]. Although we cannot
address in detail the role of the calcium site in the matura-
tion of wild-type SBT, and particularly whether its for-
mation occurs as an early or late event, we propose the
following general model. After secretion, proSBT folds to
the point where the scissile peptide bond lies across the
active site. The difficulty of removing or replacing cal-
cium in wild-type SBT provides evidence that calcium
binding has already occurred by-the time proSBT under-
goes cleavage [5]. Eder et al. [6] report some calcium
binding even in the metastable trapped state of SBT, sug-
gesting that the calcium site forms early. However,
because the N-terminal region supplies one ligand to the
calcium ion (the side-chain oxygen of Gln2), the site can-
not be fully formed before scission, and calcium binding
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Fig. 6. Prosubtilisin model. This model
was derived from the crystal structure
by repositioning the SBT N terminus
(residues 1-10) in the active site as
explained in the text. The calcium A site
has also been added to the model, and
the wild-type active site has been
restored. The side chains of the active-
site residues His64 and Ser221 are
shown. (Drawn with MOLSCRIPT [38].)
is expected to be weak. After proSBT folding is complete,
and perhaps depending on calcium, the active site
becomes proteolytically competent. (Transient binding of
calcium to the incomplete A site could serve as a trigger
to actuate proteolysis. This suggestion provides a logical
ordering of events, and is consistent with the fact that the
calcium-binding loop occurs as an interruption in the
helix that furnishes the active-site residue His64.) Scission
would then release the new SBT N terminus, allowing it
to move to its native conformation and thereby complet-
ing the A site and trapping the calcium ion. Figure 7
summarizes this sequence of events.
Folding catalysis
The prosegment's capacity to promote the folding of
SBT is not simply a correlate of tight binding to the
folded state, as the tight-binding inhibitors of SBT, strep-
tomyces subtilisin inhibitor, eglin C and CI2, do not
accelerate SBT folding [6,15]. Instead, the prosegment is
expected to function by binding to a structural interme-
diate whose stabilization accelerates a rate-limiting step
in the folding reaction. Although mechanisms involving
novel intermolecular contacts and dynamic rearrange-
ments of the prosegment domain can be considered, the
simplest model of catalyzed folding is to assume that the
observed binding interaction is the one that accelerates
folding. In other words, the prosegment domain acts by
binding and stabilizing the two SBT helices, especially
their N termini. This interaction would favor the forma-
tion of a nascent SBT substructure consisting of a helix-
strand-helix unit (residues 103-144). According to this
model, stabilization of the otao substructural unit is the
key function required of the prosegment, perhaps
because an incorrect assembly involving these residues
has lower energy, or because a large number of alterna-
tive conformations exist with roughly equal energy.
Once the actat substructure organizes on the prosegment
domain 'template', it could act as a folding nucleus with
the rest of SBT folding proceeding by propagation. This
conjecture is supported by the fact that the arot unit
occurs near the middle of the SBT sequence, and the
N-terminal and C-terminal subdomains are largely self-
contained [28] (also see Fig. 2). Thus, folding could
propagate from the aote nucleus independently into the
N-terminal and C-terminal regions of SBT. This mecha-
nism derives from the structure with minimal assump-
tions and is intended chiefly as a starting point for further
modeling and investigation. In fact, the isolated proseg-
ment domain has low stability and may have functionally
important conformations that differ from the crystal
structure, allowing it to interact productively with
unfolded SBT substructures. However, even though on
its own the prosegment appears to be folded only about
1% of the time [29], this template mechanism could
account for the observed acceleration of SBT folding.
Fig. 7. Summary of unimolecular matu-
ration model. In (a), proSBT has folded
and acquired calcium in the A site. The
scissile peptide bond lies across the
active site (letter 'x'), ready for cleavage.
In (b), cleavage has occurred and in (c)
the new SBT N terminus has moved to
its native position adjacent to the A site.
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Fig. 8. Hypothetical model of the pro-
segment complexed with a partly folded
SBT. Colors are as in Figure 2, empha-
sizing the subdomains of SBT. The
model was produced by the following
changes from the crystal structure: four
backbone torsion angles in SBT (954,
964), 174*, 1754)) were varied by 10°
each in order to separate the N- and C-
terminal subdomains. For clarity, the
red hairpin structure (on the left in this
view) was lifted away from the calcium
site by changing the conformations of
residues 203-205 and 217-219. (Drawn
with MOLSCRIPT 138].)
A 'slightly unfolded' model of SBT illustrates the pro-
posed mechanism (see Fig. 8). Propagation of folding
from the putative nucleus (the ot3ol substructure, colored
magenta in Fig. 8) into the N- and C-terminal sub-
domains means assembling the large parallel sheet of SBT.
In the C-terminal direction, the sheet strands occur in
sequence order, but in the N-terminal direction, the
strand adjacent to the aotot unit is the most remote in
sequence (residues 26-33), suggesting that this might be a
slow step in the propagation of SBT folding. The free
energy barrier to SBT folding may involve breaking
incorrect associations (an enthalpic barrier), or it may cor-
respond to a large conformational search space (slow
search) to bring together these sequentially distant strands
(an entropic barrier). In the first case, the binding energy
of the prosegment could be used to break the incorrect
interactions, while in the second case, the prosegment
would simply stabilize the otaca unit to facilitate the con-
formational search. It should be mentioned that the
uncatalyzed folding of calcium-free SBT appears to follow
a different pathway; there is no evidence for nucleation at
the caotl unit in the absence of the prosegment [5,18].
Fate of the prosegment
The prosegment is not observed in preparations of active
enzyme, and is presumably digested after mature SBT has
been produced. This is consistent with the enzyme's bio-
logical role of providing amino acid nutrients for absorp-
tion by Bacillus species. The inhibitory potential of the
prosegment implies a need to separate the complex after
cleavage. The methionine-rich loop (residues 16'-21')
could serve as a 'rip-cord', providing protease sensitivity
so that the prosegment domain that is inhibiting one
SBT molecule can be cut, and thereby removed, by a
second SBT molecule. An inactive version of the proseg-
ment lacking residues 1'-21' was recovered from some
proSBT preparations (data not shown) and is a likely
product of SBT action on the prosegment (cleavage after
Met21'). This proposed mechanism rationalizes the pres-
ence of the exposed methionines and would provide an
efficient means for SBT to release and begin digestion of
its prosegment for recycling by the bacterium.
Biological implications
Subtilisin BPN' (SBT) is a widely studied and
commercially important (as a detergent additive)
enzyme that is highly stable but difficult to refold.
This enzyme provides a counter-example to the
general rule that proteins fold spontaneously to
their conformation of minimum free energy. The
biological folding unit is prosubtilisin (proSBT),
and once the prosegment has been removed to
produce active enzyme, the enzyme lacks a fold-
ing pathway and is incapable of refolding on bio-
logical timescales. This inability to refold is
believed to correlate with SBT's resistance to
unfolding, which is evolutionarily justified by the
need to prevent transient unfolding and associated
sensitivity to proteolytic digestion [5,6]. Thus, the
biological role of the prosegment is to provide a
folding pathway, acting as an intramolecular fold-
ing guide. This role is confirmed by the observa-
tion that the prosegment can catalyze refolding of
subtilisin when provided as a separate polypeptide,
a reaction that leads to a bimolecular complex of
the two folded chains [6,15].
The crystal structure of this complex has been
determined in order to pursue two important
questions. Firstly, what is the role of the proseg-
ment in the folding of proSBT? This question
relates to the overall mechanism of maturation of
proSBT, and by extension, to post-translational
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activation mechanisms of other proteins, especially
proteases. The structural attributes of SBT that
make it unable to refold are only partly under-
stood but are believed to involve a calcium-bind-
ing site (the calcium A site) [5]. Two other unusual
features of SBT's architecture are a left-handed
cross-over (connecting parallel strands) involving
residues 50-90 and a buried central helix. Although
a complete understanding of the maturation
process is not yet possible, some inferences follow
from the structure presented here. The extent of
the molecular interface, and its involvement of the
active site, support a unimolecular mechanism for
proSBT maturation. ProSBT is expected to fold,
prosegment domain first, to produce an interme-
diate in which the scissile bond is stretched across
the active site. This fully folded proSBT, ready for
self-cleavage, is probably unstable. In the wild-type
protein, calcium binding may provide the 'trigger'
that actuates the cleavage event. The new SBT
N terminus would then move a distance of -25 A
to 'trap' the calcium ion in the A site.
The second question we have addressed is, how
does one protein catalyze the folding of another?
Facilitation of protein folding by additional
proteins is an essential cellular process. The
foldase-product complex described here suggests
that one way to catalyze folding is to bind and
thereby stabilize a potential folding nucleus. This
is the probable mechanism underlying recent
demonstrations of folding catalyzed by mono-
clonal antibodies [30]. The complementary nature
of the present interface supports a mechanism in
which the prosegment provides a structural 'tem-
plate' for the 40-residue putative folding nucleus
consisting of the two subtilisin helices and their
connecting strand (residues 103-144). The manner
in which the C-terminal strand of the prosegment
extends to the active site, and the location of the
proposed nucleus in the SBT architecture, suggest
that folding may propagate into other parts of the
enzyme. The central position of the charged
helix-capping interactions in the interface indi-
cates that fixing the helical N termini may be
important in defining the folding pathway. Subse-
quences and/or variations of the SBT prosegment
that perform the helix-capping function for pairs
of parallel helices in other proteins may also serve
to facilitate folding. We are currently applying
spectroscopic methods to further characterize the
assisted-folding reaction of subtilisin and seeking
to identify mutations that stabilize the prosegment
and make it a more effective folding catalyst.
Materials and methods
Design of mutant subtilisin
The requirement of a stable, reconstitutable complex and a
proteolytically inactive SBT entailed a series of engineering
modifications to SBT. Complete proteolytic inactivity was
demanded because of the sensitivity of the prosegment, yet this
implied that the complex could not be produced through mat-
uration of proSBT. Propeptide and SBT were independently
expressed in Escherichia coli as described [15]. The mutations in
SBT can be grouped into those that enhance thermostability
(Lys43--Asn, Met50--Phe, Ala73-Leu, Gln206--Val,
Tyr217--Lys, Asn218--Ser; [14,23]), those that curtail auto-
proteolysis (Asp32-*Asn, Ser221--Ala), and the calcium site
deletion (residues 75-83), which facilitates in vitro folding. The
deletion of residues 75-83 abolishes calcium binding by
removing the calcium A site loop; this has only minor effects
on the overall structure [13] while lowering an energy barrier
to folding that is associated with forming the calcium site [5].
Mutations Lys43--Asn, Ala73--Leu and Gln206-+Val were
identified as compensating for destabilizing effects of the cal-
cium-site deletion [14]. The deleted calcium site is over 20 A
from the prosegment interface and none of the other mutations
contact the prosegment except Ser221--Ala.
Crystallization
The complex was prepared as described in [31], purified by
ion-exchange chromatography and crystallized by the hanging-
drop vapor diffusion method [32]. Variations involving the two
most common protein crystallization reagents, ammonium sul-
fate and polyethylene glycol (PEG), were tested for their crys-
tallization-inducing effects. Two crystal forms appeared suitable
for diffraction analysis, although in both cases growth occurred
only on a timescale of months. Crystal form 1 grew from 18%
PEG 8000, 0.1 M sodium cacodylate, pH 6.5, 0.2 M zinc
acetate, but only diffracted to about 2.8 A and was difficult to
reproduce. Crystal form 2 grew reproducibly from 2.0 M
ammonium sulfate, 0.1 M sodium acetate, pH 4.6.
Diffraction data collection
A crystal of form 1 with dimensions 0.05mmx0.2mmx0.4mm
yielded 80% complete data to 2.9 A with an Rsym of 11% using
a Siemens detector on a rotating anode X-ray source. A crystal
of form 2 with dimensions 0.1mmx0.5mmx0.5mm was
frozen at -1600 C at beamline X8C of the Brookhaven syn-
chrotron, where diffraction data 84% complete at 2.0 A resolu-
tion with an Rsym of 8% were collected on a charge coupled
device detector. Both crystal forms belong to space group
P2 1212 with one prosegment-SBT complex per asymmetric
unit and a solvent content of about 50%. Unit cell parameters
for form 1 are a=71.9 A, b=96.7 A, c=48.9 A and for form 2
are a=74.10 A, b=77.85 A, c=57.65 A. While form 1 played
an important part in determining the structure, it is the struc-
ture of crystal form 2 that is reported in this paper.
Structure solution and refinement
In both crystal forms the known structure of calcium-indepen-
dent SBT was located by molecular replacement [33]. The
resulting R-values (for SBT with the prosegment absent,
amounting to about 77% of the diffracting matter) were 0.41
and 0.43, and in both cases difference maps were useful for
general positioning of the prosegment but inadequate for trac-
ing its chain. By comparing the difference maps and packing
constraints in the two crystal forms, a definition of the 'proseg-
ment region' was deduced and applied as a solvent-flattening
mask in the following iterative procedure in crystal form 2.
Beginning with a simple Fo-FSBT difference map, the mask was
applied so as to flatten all electron density outside of the pros-
egment region, and this flattened map was back-transformed to
yield initial estimates of prosegment structure factors. All mask
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manipulation, solvent leveling, and Fourier transformation pro-
cedures utilized programs from the PHASES package [34].
Prosegment structure factors were vectorially added to the pre-
cisely known structure factors for SBT to give estimates of the
total structure factor. In the structure factor addition, the com-
ponents were scaled so that their average values would be in
the ratio expected for the relative sizes of the two proteins.
The value of the prosegment structure factor was adjusted so as
to improve agreement between the modulus of the total struc-
ture factor and the observed diffraction data. The phase of the
total structure factor was then used to make an improved
Fo-FsBT difference map. This procedure was repeated twice at
each of the following steps of increasing resolution: 3.5 A,
3.2 A, 3.0 A, 2.9 A, 2.8 A, 2.7 A, 2.6 A and 2.5 A. At this
stage, the difference map showed one helix and three strands
and model building was begun. Initial placement of three-
quarters of the prosegment led to improved maps revealing the
remainder of the structure, including bound solvent.
The program FRODO was used for model building [35], and
refinement utilized the least-squares method of Hendrickson
and Konnert [36]. Once 85% of the prosegment atoms were
placed, refinement was begun. At this stage the R-factor was
0.26. Refinement consisted of 12 rounds, each with about 10
cycles, interleaved with adjustments and additions to the model,
as guided by difference maps. The final model, which includes
all but the N-terminal two residues of SBT, all but the N-ter-
minal six residues of the prosegment, and 256 waters, has a
crystallographic residual of 20% for diffraction data between
8 A and 2 A resolution with F>2a(F). Rms deviations from
ideality for bond lengths and angles are 0.022 A and 3.720. All
of the conformational angles for the protein backbone are
within the allowed regions, except for Gly34' with 4=74 ° and
*=180. Refined coordinates have been deposited in the Brook-
haven Protein Data Bank [37] and given the identifier 1SPB.
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